Research on the spatial flow of ecosystem services can help to identify the spatial relationships between service-providing areas (SPAs) and service-benefitting areas (SBAs). In this study, we used the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to stimulate the flow paths of the wind erosion prevented by ecosystems in Hunshandake, China. By interpolating these paths, the SBAs were identified, and their benefits in terms of land cover, population, and Gross Domestic Product (GDP) were determined. The results indicated that the flow paths mostly extended to the eastern part of the study area, and the estimated cover of the SBAs was 39.21% of the total area of China. The grid cells through which many (≥10%) of the trajectories passed were mainly located in the western part of north-eastern China and the eastern part of northern China. The benefitting population accounted for 74.51% of the total population of China, and the GDP was 67.11% of the total in 2010. Based on this research, we described a quantitative relationship between the SPAs and the SBAs and identified the actual beneficiaries. This work may provide scientific knowledge that can be used by decision makers to develop management strategies, such as ecological compensation to mitigate damage from sandstorms in the study area.
Introduction
Human welfare has received increasing attention in the study of ecosystem services, which are the ecosystem functions and processes that benefit humans [1] [2] [3] [4] . To understand ecosystem services and their impacts on human welfare, many researchers have simultaneously investigated service demand and service supply [5] [6] [7] . Burkhard et al. [8] presented a conceptual framework linking ecosystems, ecosystem services, and human well-being as the supply and demand sides of human-environmental systems. Furthermore, there have been many studies of ecosystem service supply and demand and their balance [7] [8] [9] . However, the locations where services are provided and those where demand exists do not always match in these studies [10] . Wei et al. [11] noted that ecosystem service supply-demand mismatches strongly impact human well-being because they result in unsatisfied demand.
The path by which dust is transferred from a source area to a sink area is the flow path for wind erosion prevention. Several kinds of models have been used to simulate the process of dust transport including the Weather Research and Forecasting (WRF)-Chem, WRF-Dust, Global Environmental Multiscale (GEM)-AQ/EC, Community Atmosphere Model (CAM), Models-3/Community Multiscale Air Quality (CMAQ), and the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) models [41] [42] [43] [44] [45] . The resolutions of the WRF-Chem, WRF-Dust, GEM-AQ/EC, CAM, and Models-3/CMAQ simulation results are relatively high, but the models require high-quality hardware and long run times as well as many input parameters. However, HYSPLIT, which can be obtained from the Air Research Laboratory (ARL) of the National Oceanic and Atmospheric Administration quickly and simply simulates the trajectories of dust-laden air with a horizontal resolution of 1.5 • × 1.5 • or 2.5 • × 2.5 • using National Centers for Environmental Prediction (NCEP) reanalysis data, and these trajectories can be used as the flow paths of the transported dust [46] . The HYSPLIT model is a complete system for computing simple air parcel trajectories and simulating complex transport, dispersion, chemical transformation, and deposition [45] , and it has been widely used in simulations describing the atmospheric transport, dispersion, and deposition of pollutants and hazardous materials [47] [48] [49] [50] . Tan et al. [51] simulated the trajectories of spring dust storms in Inner Mongolia of China with HYSPLIT and identified the impact areas, and Rashki et al. [52] similarly examined the trajectories of dust storm originating in the Sistan region of south-eastern Iran and the affected areas.
Hunshandake, which lies in Inner Mongolia of China, is one of the regions from which the sand and sandstorms in eastern Asia originate. Human activity has been found to be the dominant factor controlling the increase in desertification [53] , so to ensure the benefit of wind erosion prevention, the people of Hunshandake should plant more vegetation, reduce the sizes of their herds, return their cropland to grassland, close their mines, and decrease the rates of industrialization and urbanization. However, these measures are disadvantageous to their way of life, so the associated losses should be reimbursed as the benefits of wind erosion prevention accrue to people in the downwind areas, as well as locally. Thus, it is crucial to identify the downwind areas based on the flow paths of the prevented wind erosion. In this study, we used HYSPLIT to simulate the flow paths of prevented wind erosion in terms of dust trajectories under the hypothesethat no vegetation coverage was present in the source area of the sand and then interpolated the trajectories to identify the benefit areas. The people living in these areas (the SBAs) could pay for the losses to the people in the SPAs to improve wind erosion prevention in Hunshandake, of Inner Mongolia.
Materials and Methods

Study Area
The key ecological function area (KEFA) for the protection of desertification in Hunshandake (which is centred on 43.09 • N 114.79 • E) is in the middle of Inner Mongolia and northern Hebei Province, China, and it covers an area of 160,000 km 2 ( Figure 1 ). It is in the northern Yinshan Mountains and the eastern Mongolian Plateau with an average altitude of 1300 m. The area has an arid to semi-arid and temperate-continental monsoon climate that is characterized by short, warm, dry summers, and long, cold winters. The mean annual temperature is 0~3 • C; the annual precipitation is 350 mm; and, the annual evaporation is 1600 mm. The mean annual wind speed is 4~5 m/s, with maximum values of 24~28 m/s, and the number of days with wind speeds exceeding 17.2 m/s varies from 60 to 80. Furthermore, this area is in the agro-pastoral region of northern China, where the land cover types are primarily grassland and cropland (Figure 2) , and it has suffered considerably from desertification due to increased livestock densities and cropland area since the 1980s. The driving factors of desertification include the warm and dry climate and human activity [54] , but human activity has been identified as the dominant factor [53, 55] . 
Methods
Hypotheses Used to Simulate the Flow of Prevented Wind Erosion
The flow of the prevented wind erosion is the flow of the detrimental carrier, that is, dust, from its source area when the wind speed is equal to or greater than a threshold. We examined the flow under three hypotheses: first, no vegetation cover or other barriers to sand transport existed; that is, there were sufficient sand sources; second, the sand particles were easily blown when the wind speed was greater than or equal to the threshold; and third, the second hypotheses occurred along with air conditions that were strongly thermally unstable, so the blown sand could be transferred with the air masses to downwind areas and deposited along the air mass trajectories. In this case, the trajectories of the air masses would determine the paths of the prevented wind erosion and the benefit areas, which could be simulated with HYSPLIT. 
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Hypotheses Used to Simulate the Flow of Prevented Wind Erosion
The flow of the prevented wind erosion is the flow of the detrimental carrier, that is, dust, from its source area when the wind speed is equal to or greater than a threshold. We examined the flow under three hypotheses: first, no vegetation cover or other barriers to sand transport existed; that is, there were sufficient sand sources; second, the sand particles were easily blown when the wind speed was greater than or equal to the threshold; and third, the second hypotheses occurred along with air conditions that were strongly thermally unstable, so the blown sand could be transferred with the air masses to downwind areas and deposited along the air mass trajectories. In this case, the trajectories of the air masses would determine the paths of the prevented wind erosion and the benefit areas, which could be simulated with HYSPLIT.
Simulation of the Flow Paths of the Prevented Wind Erosion
In this study, forward-trajectory analysis was used to determine the flow paths of the prevented wind erosion [52] . The 5-day forward trajectories, which had starting elevations of 500 m above ground level and were centred on the 43.09 • N 114.79 • E pixel (i.e., Hunshandake) were simulated with HYSPLIT every 6 h from 0:00 on 1 January to 24:00 on 31 December in 2010. Meteorological data from the NCEP/National Center for Atmospheric Research (NCAR) reanalysis (which are available from 1948 to the present) were used for the trajectory simulations, and trajectories were only simulated when the maximum 10-min average wind speed in 1 h was greater than, or equal to, the threshold wind speed. The average threshold wind speed for sand without vegetation cover in Hunshandake is 5.5 m/s [56] .
Identifying the Benefit Areas of the Prevented Wind Erosion
The hazards produced by sandstorms along the trajectories include erosion by strong wind and sand flow, sand deposition, and air pollution, so wind erosion prevention by vegetation reduces the hazards associated with sandstorms and produces benefits for people living along the trajectories. These benefits include reduced damage to farming, animal husbandry, forestry production, infrastructure, and health, as well as the prevention of reduced visibility, and the areas where these benefits are realized include forest, grassland, cropland, settlements, and wetland ( Figure 3 ). The 2010 land cover data were provided by the Institute of Remote Sensing and Digital Earth of the Chinese Academy of Sciences [57] , and the benefit areas were identified using the simulated trajectories of the prevented wind erosion [13, 58] . The trajectories were interpolated onto a 1 • × 1 • grid with HYSPLIT to obtain the benefit extent, and the value assigned to each grid cell was the frequency with which the trajectories passed through the cell, which was calculated as follows:
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Here, pi is the frequency with which the trajectories passed through grid cell i; Li is the number of trajectories that passed through grid cell i; and L is the total number of trajectories from the starting point. Framework used to identify the benefit areas of wind erosion prevention. As a preventive service, wind erosion prevention provides benefits by limiting the flow of a detrimental carrier (dust) to vulnerable human populations, for which the hazards include (1) erosion by strong wind and blown sand, (2) sand deposition, and (3) air pollution. Therefore, the benefits of the prevented wind erosion service are (1) the avoidance of damage to farming, husbandry and forestry production; (2) the prevention of damage to infrastructure; (3) the avoidance of reduced visibility, and (4) the prevention of negative health impacts. The benefit areas are the places where the preventive benefits occur including (1) cropland, (2) grassland, (3) forest, (4) settlements, and (5) wetland. Framework used to identify the benefit areas of wind erosion prevention. As a preventive service, wind erosion prevention provides benefits by limiting the flow of a detrimental carrier (dust) to vulnerable human populations, for which the hazards include (1) erosion by strong wind and blown sand, (2) sand deposition, and (3) air pollution. Therefore, the benefits of the prevented wind erosion service are (1) the avoidance of damage to farming, husbandry and forestry production; (2) the prevention of damage to infrastructure; (3) the avoidance of reduced visibility, and (4) the prevention of negative health impacts. The benefit areas are the places where the preventive benefits occur including (1) cropland, (2) grassland, (3) forest, (4) settlements, and (5) wetland.
Here, p i is the frequency with which the trajectories passed through grid cell i; L i is the number of trajectories that passed through grid cell i; and L is the total number of trajectories from the starting point.
The frequency with which the trajectories passed through a grid cell were treated as a proxy for the benefit of wind erosion prevention that accrued to the people in the cell. Grid cells with higher values imply that the people in those cells received greater benefits from the prevention of wind erosion by the ecosystems in the KEFA of Hunshandake than the people in other grid cells, and the benefits included reduced damage to farming, animal husbandry, forestry production, infrastructure, and health, as well as the prevention of reduced visibility (Figure 3) . The benefitting population was identified from the population distribution data and the grid cells through which the simulated trajectories passed, and the Gross Domestic Product (GDP) of these cells increased because of the reduced damage to farming, animal husbandry, and forestry production due to the prevention of wind erosion. The benefitting GDP was also identified using the GDP distribution data and the benefit extent. Population and GDP data for 2010 were provided by the Data Centre for Resources and Environmental Sciences (RESDC) of the Chinese Academy of Sciences (http://www.resdc.cn).
Results
Flow Paths of the Prevented Wind Erosion
In 2010, there were 1440 6-hourly wind speed records. The maximum wind speed was 14.4 m/s, the minimum 0 m/s, and the mean was 7.4 m/s. Approximately 465 of the wind speed records were greater than or equal to the threshold wind speed (≥5.5 m/s). The number of times that the winds were ≥5.5 m/s was slightly greater in March, April, and May than those in the other months, whereas the corresponding values in February, June, and October were less than those in the other months ( Figure 4 ). The frequency with which the trajectories passed through a grid cell were treated as a proxy for the benefit of wind erosion prevention that accrued to the people in the cell. Grid cells with higher values imply that the people in those cells received greater benefits from the prevention of wind erosion by the ecosystems in the KEFA of Hunshandake than the people in other grid cells, and the benefits included reduced damage to farming, animal husbandry, forestry production, infrastructure, and health, as well as the prevention of reduced visibility (Figure 3) . The benefitting population was identified from the population distribution data and the grid cells through which the simulated trajectories passed, and the Gross Domestic Product (GDP) of these cells increased because of the reduced damage to farming, animal husbandry, and forestry production due to the prevention of wind erosion. The benefitting GDP was also identified using the GDP distribution data and the benefit extent. Population and GDP data for 2010 were provided by the Data Centre for Resources and Environmental Sciences (RESDC) of the Chinese Academy of Sciences (http://www.resdc.cn).
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In 2010, there were 1440 6-hourly wind speed records. The maximum wind speed was 14.4 m/s, the minimum 0 m/s, and the mean was 7.4 m/s. Approximately 465 of the wind speed records were greater than or equal to the threshold wind speed (≥5.5 m/s). The number of times that the winds were ≥5.5 m/s was slightly greater in March, April, and May than those in the other months, whereas the corresponding values in February, June, and October were less than those in the other months ( Figure 4 ). The simulated dust storm trajectories and the flow paths of the prevented wind erosion of the KEFA of Hunshandake mainly passed through China, North Korea, South Korea, Japan, Mongolia, and Russia (Figure 5a) . Thus, the benefits of the prevented wind erosion accrued to other countries than China.
Wind erosion was prevented along 465 flow paths, of which 146 occurred in spring (from March to May), 114 in summer (from June to August), 103 in autumn (from September to November), and 102 in winter (from December to February). The number of such flow paths was much greater in spring than those in the other seasons, and the patterns of the flow paths also varied among the seasons. In spring, most of the flow paths extended to the northeast of the KEFA, and a few extended to the southeast. The prevented wind erosion benefits mainly extended to the northeast in summer. The patterns of the flow paths were similar in autumn and winter and extended to the east and south (Figure 5b to Figure 5e ). The orientations of these paths resulted from the interaction between cold air from Siberia, which prevails from October to April of the next year, and warm air from the East Asian monsoon, which is stronger from May to September [59] [60] [61] . The simulated dust storm trajectories and the flow paths of the prevented wind erosion of the KEFA of Hunshandake mainly passed through China, North Korea, South Korea, Japan, Mongolia, and Russia (Figure 5a) . Thus, the benefits of the prevented wind erosion accrued to other countries than China.
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Benefit Areas of the Prevented Wind Erosion
In China, the area that benefitted from the prevention of wind erosion by the ecosystems in the KEFA of Hunshandake was mostly in the eastern part of the country, and it was estimated to be 3.78 × 10 6 km 2 , which represents 39.21% of the total area of China. The grid cells through which many (≥10%) of the trajectories passed were mainly in the western part of north-eastern China and the eastern part of northern China, such as eastern Inner Mongolia, Hebei Province and the municipality of Beijing, western Liaoning Province, and Jilin Province (Figure 6a ). This result implies that these grid cells received much greater benefits from the wind erosion prevented by the ecosystems in the KEFA of Hunshandake than the other grid cells. As the distance from the KEFA of Hunshandake increased, the benefits accrued to each grid cell tended to gradually decrease. Overall, the grid cells in the southern part of the benefit areas received less benefit than those in the northern part, but the benefitting areas in China varied seasonally. The number of benefitting grid cells was smallest in summer, and most were in north-eastern China and northern China. In spring, the benefitting grid cells extended southward and included eastern China. In autumn and winter, these areas progressively expanded to the southwest, but the eastern part of western China and southern China were also affected (Figure 6b to Figure 6e ). 
Benefitting Land Cover Type, Population and GDP Associated with the Prevented Wind Erosion
The area that benefited from the prevention of wind erosion by the KEFA of Hunshandake was approximately 3.67 × 10 6 km 2 , of which 35.86% was cropland, 33.82% forest, 17.41% grassland, 5.27% wetland, and 4.82% settlements (Table 1) , and it accounted for 48.40% of the total area of cropland, forest, grassland, wetland, and settlements in China. The benefitting croplands were mainly in the Sanjiang Plain of Helongjiang Province, the northern China Plain of Beijing, and the provinces of Hebei, Shandong, Henan, Anhui and Jiangsu. The benefitting settlements included the cities of Beijing, Tianjin, Jinan, Zhengzhou, Nanjing, and Shanghai, as well as many rural settlements dispersed within cropland (Figure 7a) . The benefitting population was estimated to be 1.00 × 10 9 people, corresponding to 74.51% of the total population of China in 2010 (Table 2) , and it was mostly distributed in the Beijing-Tianjin-Hebei metropolitan area, the hinterland of the northern China Plain, the Yangtze River Delta metropolitan area, and the eastern part of the Sichuan Basin (Figure 7b) . The benefit to GDP from the prevention of wind erosion was 27.72 × 10 12 RMB, which corresponds to 67.11% of the total GDP of China in 2010 (Table 2) , and it mainly occurred in the Beijing-Tianjin-Hebei metropolitan area, the Yangtze River Delta metropolitan area, eastern Liaoning Peninsula, and the middle of the northern China Plain (Figure 7c ). As the eastern part of China is much more highly populated and developed than the western part, the proportions of the benefit for population and GDP were much higher than those for land cover. 
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Discussion
Spatial Relationship between Service Providing Areas (SPAs) and Service Benefitting Areas (SBAs)
The study of ecosystem services is anthropocentric and utilitarian, and the values of the services provided by ecosystems depend on the utility that people derive from their consumption, either directly or indirectly [62] . Therefore, investigations into the provision of, and demand for, ecosystem services help reveal the utility that people obtain from these services. Burkhard et al. [8] presented a conceptual framework linking ecosystems and ecosystem services and human well-being as the supply and demand sides, respectively, of human-environmental systems, and they also argued that ecosystem service supply and demand is closely related to proximity. Kroll et al. [6] investigated the supply and demand of the ecosystem services of energy, food, and water provision along the ruralurban gradient of the Leipzig-Halle region of eastern Germany using spatially explicit methods, and Larondelle and Lauf [9] examined the supply and demand of five urban ecosystem services and their balances at the block, neighbourhood, and whole-city scales in Berlin, Germany. However, the budgets or balances between supply and demand, as identified in these studies, failed to reflect the actual situation because no spatial relationship was found between the SPAs and SBAs. Several other researchers have identified mismatches between SPAs and SBAs [10, [63] [64] [65] that include cases in which the water provided by a study area is used by the people in the downstream areas while the people within the study area use water from farther upstream. Therefore, it is difficult to develop The study of ecosystem services is anthropocentric and utilitarian, and the values of the services provided by ecosystems depend on the utility that people derive from their consumption, either directly or indirectly [62] . Therefore, investigations into the provision of, and demand for, ecosystem services help reveal the utility that people obtain from these services. Burkhard et al. [8] presented a conceptual framework linking ecosystems and ecosystem services and human well-being as the supply and demand sides, respectively, of human-environmental systems, and they also argued that ecosystem service supply and demand is closely related to proximity. Kroll et al. [6] investigated the supply and demand of the ecosystem services of energy, food, and water provision along the rural-urban gradient of the Leipzig-Halle region of eastern Germany using spatially explicit methods, and Larondelle and Lauf [9] examined the supply and demand of five urban ecosystem services and their balances at the block, neighbourhood, and whole-city scales in Berlin, Germany. However, the budgets or balances between supply and demand, as identified in these studies, failed to reflect the actual situation because no spatial relationship was found between the SPAs and SBAs. Several other researchers have identified mismatches between SPAs and SBAs [10, [63] [64] [65] that include cases in which the water provided by a study area is used by the people in the downstream areas while the people within the study area use water from farther upstream. Therefore, it is difficult to develop effective management policies based on the results of such supply and demand budgets, so several studies have investigated the flow of ecosystem services to determine the spatial relationships between SPAs and SBAs [14, 66, 67] . However, few studies have investigated the flow of wind erosion prevention. In this study, we determined the spatial connections between SPAs and SBAs by simulating the flow path of prevented wind erosion, and the trajectories of simulated sandstorms were used to identify the SBAs under the hypothesis of no vegetation cover in the study area. The benefitting population and GDP were also assessed within the SBAs, and we developed a rational relationship between the SPAs and SBAs and identified the actual beneficiaries. The results of this study represent scientific knowledge that can be used by decision makers to develop sandstorm mitigation strategies.
Implications for Eco-Compensation
Human activities, such as reclamation and planting, overgrazing, and mining, are thought to be important drivers of desertification in the KEFA of Hunshandake [53] , and they have increased desertification and reduced vegetation coverage, which has caused this area to become an additional source of sand. If the wind speed equals or exceeds the threshold value, the sand is easily transferred downwind by the air mass, so it is necessary to adopt measures to limit or change human activities to mitigate the downwind impacts of sandstorms. These measures include reducing reclamation, limiting the intensity of grazing and mining, and rehabilitating vegetation. However, most of these measures would result in economic losses and be disadvantageous to the short-term welfare of the local people, but eco-compensation could help to compensate for these losses. Currently, the government provides an insufficient KEFA transfer payment [68] , but ecological payments from people in the downwind areas in exchange for the prevention of wind erosion by the ecosystems in the KEFA of Hunshandake would make up the difference. If the total payment were to be determined, the results of this study could be used to identify the area over which people should pay, and allocate the amount based on the frequency at which the simulated trajectories pass through each grid cell. The funds from the ecological payment could be directly used to encourage the local people of Hunshandake to adopt measures to mitigate sandstorms such as reducing livestock numbers, limiting mining, returning cropland to grassland or forest, sowing grass, planting trees, and constructing physical sand barriers.
Limitations
However, some uncertainties and limitations of this method need to be considered. (1) The simulation of sandstorms was simplified in our study. Sandstorms were assumed to occur if the wind speed equalled or exceeded the wind speed threshold, and sufficient sand sources without vegetation cover were assumed to exist. However, we did not account for atmospheric instability in this study, and sandstorms actually occur when three conditions are met: a sufficient sand source, strong wind, and atmospheric instability. In the future, these three conditions should be incorporated when simulating the flow of wind erosion prevention; (2) We did not exclude the trajectories that corresponded to actual sandstorms because we assumed that the vegetation in the study area mitigated the impacts on the people in the downwind areas; (3) Based on the available data, we simulated the trajectories of the air masses at the centre of the KEFA of Hunshandake using the wind speed data from the nearest weather station, and the trajectories from the centre of the study area were used to represent the flow paths of the prevented wind erosion over the whole study area without considering the spatial heterogeneity of the meteorological data, which may have affected the accuracy of the results. In the future, the appropriate study area scale for simulating sandstorm trajectories with these meteorological data should be considered. Furthermore, more sophisticated models incorporating existing wind erosion models and sand deposition simulation models should be developed to quantify the flow of wind erosion prevention from the SPAs to the SBAs.
Conclusions
Researching the flow of ecosystem services is essential for determining actual SBAs, as well as the spatial relationships between SPAs and SBAs. In this study, we simulated the flow paths of the wind erosion prevented by the ecosystems in the KEFA of Hunshandake and identified the SBAs and the land cover, population, and GDP benefits. Furthermore, we proposed relationships between the SPAs and the SBAs as well as a proxy for the benefits realized by the SBAs. From this research, we conclude that wind erosion was prevented along 465 flow paths in 2010, and these flow paths mostly extended to the eastern part of the study area. The SBAs were estimated to cover 39.21% of the total area of China, and the grid cells through which many (≥10%) of the trajectories passed were mainly located in the western part of north-eastern China and the eastern part of northern China. The benefitting population and GDP accounted for 74.51% of the total population and 67.11% of the total GDP of China in 2010. The results represent scientific knowledge that can be used to make decisions about ecological payments to promote the mitigation of sandstorms in the KEFA of Hunshandake. Our approach focuses on the spatial flow of wind erosion prevention and can be further applied to other locations to identify the benefitting areas and the relative benefits. Future studies are needed to accurately determine the sand transported from SPAs and deposited in SBAs when simulating the flow of the ecosystem service of wind erosion prevention.
